The idea of using microorganisms, especially microalgae, as biosorbents of heavy metals deserves particular attention due to their natural biosorbent properties and the relatively simple and inexpensive methods of obtaining their biomass. The cosmopolitan microscopic green alga of the genus Pseudopediastrum is an example of an organism with the desired biosorption properties. The aim of the study was to assess the potential use the dry biomass of Ps. boryanum var. longicorne in the process of biosorption of chromium(VI) (Cr(VI)) ions from aqueous solutions. Biomass of microalgae was cultivated in the photobioreactor conditions (L-S2T2 medium, light intensity of 4000 lx, photoperiod 12L:12D). The biomass obtained was used for the biosorption of Cr(VI) ions from aqueous solution. The effect of pH (2-6), biosorbent concentration (0.5-2 g/L) and initial chromium concentration (10-100 mg/L) was examined. The highest removal of Cr(VI) ions (70%) was observed at pH 2, initial chromium concentration of 10 mg/L and a biomass concentration of 2 g/L. At this chromium concentration, the sorption capacity of the microalga was the lowest. The results indicated that the biomass of the Ps. boryanum is suitable for the development of efficient biosorbent for the removal of Cr(VI) from wastewater. combined with metal recovery [6] [7] [8] . Reuse of heavy metals also enables more responsible management of available natural resources.
Introduction
The development of civilization and industrialization lead to the introduction of significant quantities of various pollutants into natural waters. Among harmful substances that end up in waters, heavy metals deserve special attention. They are a significant threat for humans, animals and for entire ecosystems due to their toxicity, and mutagenic and carcinogenic effects [1] . High harmfulness of heavy metals and their migration and accumulation in subsequent links of the food chain call for new and efficient methods of their removal. Effective wastewater treatment is the basic process in protection of water, which is one of the most valuable natural resources.
Conventional methods of removing heavy metal ions from the environment include chemical precipitation and filtration, ion exchange, coagulation/flocculation, adsorption, reverse osmosis and electrochemical processes [2, 3] . These methods are not suitable for purification of large amounts of water with low concentration of undesirable components. Their application under these conditions is economically unjustified and leads to secondary contamination. Proecological technologies based on biosorption or bioaccumulation [3] [4] [5] seem to be an alternative to these processes. These technologies are perfectly suited for the treatment of waters and sewage with low concentrations of pollutants (even below 100 mg/L), as they are cheap, efficient and also enable multiple regeneration of biomass,
Materials and Methods

Preparation of Biosorbents
A monoclonal strain of the microscopic alga Pseudopediastrum boryanum (Turpin) E. Hegewald var. longicorne Reinsch (Chlorophyceae, Sphaeropleales, Hydrodictyaceae) marked as 03.080210 in the Laboratory of Algae Cultures of the Department of Phycology, W. Szafer Institute of Botany, Polish Academy of Sciences, Kraków (Poland), was the subject of the present study ( Figure 1 ).
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A monoclonal strain of the microscopic alga Pseudopediastrum boryanum (Turpin) E. Hegewald var. longicorne Reinsch (Chlorophyceae, Sphaeropleales, Hydrodictyaceae) marked as 03.080210 in the Laboratory of Algae Cultures of the Department of Phycology, W. Szafer Institute of Botany, Polish Academy of Sciences, Kraków (Poland), was the subject of the present study ( Figure 1 ). The biomass of Ps. boryanum used for biosorption studies was obtained in a photobioreactor culture using optimal conditions identified at previous studies. L-S2T2 medium (pH 7.0 ± 0.1) [14] was used, at 22.0 ± 2.0 °C, light intensity of 4000 lx with a cycle of light (L)/dark (D) phase at a daily rhythm of 12L:12D [15] . During the light phase, air enriched with CO2 at a concentration of 6% (v/v) was dosed into the culture system [16] . The biomass obtained of microalgae was separated from the medium by centrifugation at 4500 rpm for 15 min (Sorvall RC-5B Centrifuge, Kendro Laboratory Products, Asheville, NC, USA) and decanting. The biomass was then rinsed three times by centrifugation (4500 rpm, 15 min) with sterile deionized water. This treatment allows the removal of ions that can affect the course and efficiency of biosorption. The biomass of Ps. boryanum was dried at 60 °C, and then used to analyze the biosorption process.
Biosorption Studies
The experiment was carried out in 0.5 L Erlenmeyer flasks containing dry microalgae biomass (0.5-2.0 g/L), to which 250 mL of the solution with the selected Cr(VI) concentration (10; 30; 50; 80; 100 mg/L) and pH (2.0; 3.0; 4.0; 5.0; 6.0) was added. pH was determined with the use of a pH meter (Mettler Toledo MA 235, Switzerland). In general, chromium(III) compounds are amphoteric, so we analyzed the effect of pH 2-6 on the biosorption of an aqueous solution of Cr(VI) ions. In acidic solutions, two main forms of chromium(VI) prevail: chromate (CrO4 2− ) and dichromate (Cr2O7 2− ), i.e., forms of chromium(VI) ion, which are common in wastewater from tanneries, dye houses and electroplating plants. Concentrations of chromium(VI) used in our research are based on the literature reports. Authors of those papers agree that classical methods for removal of heavy metals from industrial wastewater can generate secondary pollution and are too expensive. But most importantly, these methods are inefficient in treatment of wastewater, in which the initial concentration of metal does not exceed 100 mg/L [6] [7] [8] . So we examined the concentrations of 10-100 The biomass of Ps. boryanum used for biosorption studies was obtained in a photobioreactor culture using optimal conditions identified at previous studies. L-S2T2 medium (pH 7.0 ± 0.1) [14] was used, at 22.0 ± 2.0 • C, light intensity of 4000 lx with a cycle of light (L)/dark (D) phase at a daily rhythm of 12L:12D [15] . During the light phase, air enriched with CO 2 at a concentration of 6% (v/v) was dosed into the culture system [16] . The biomass obtained of microalgae was separated from the medium by centrifugation at 4500 rpm for 15 min (Sorvall RC-5B Centrifuge, Kendro Laboratory Products, Asheville, NC, USA) and decanting. The biomass was then rinsed three times by centrifugation (4500 rpm, 15 min) with sterile deionized water. This treatment allows the removal of ions that can affect the course and efficiency of biosorption. The biomass of Ps. boryanum was dried at 60 • C, and then used to analyze the biosorption process.
The experiment was carried out in 0.5 L Erlenmeyer flasks containing dry microalgae biomass (0.5-2.0 g/L), to which 250 mL of the solution with the selected Cr(VI) concentration (10; 30; 50; 80; 100 mg/L) and pH (2.0; 3.0; 4.0; 5.0; 6.0) was added. pH was determined with the use of a pH meter (Mettler Toledo MA 235, Switzerland). In general, chromium(III) compounds are amphoteric, so we analyzed the effect of pH 2-6 on the biosorption of an aqueous solution of Cr(VI) ions. In acidic solutions, two main forms of chromium(VI) prevail: chromate (CrO 4 2− ) and dichromate (Cr 2 O 7 2− ),
i.e., forms of chromium(VI) ion, which are common in wastewater from tanneries, dye houses and electroplating plants. Concentrations of chromium(VI) used in our research are based on the literature reports. Authors of those papers agree that classical methods for removal of heavy metals from industrial wastewater can generate secondary pollution and are too expensive. But most importantly, these methods are inefficient in treatment of wastewater, in which the initial concentration of metal does not exceed 100 mg/L [6] [7] [8] . So we examined the concentrations of 10-100 mg/L, because for this range the biosorption process is considered an effective, economically justified and environmentally friendly method.
The whole system was mixed on a shaker (Pol-Eko LS 500, Wodzislaw Slaski, Poland) with a constant mixing speed of 250 rpm at 22.0 ± 2.0 • C for 180 min. After biosorption, 10 mL of solution was withdrawn, the biosorbent was separated from the solution on the filter (Whatman, particle retention: 11 µm), and then the concentration of Cr(VI) in the filtrate was determined.
We divided the biosorption into stages for which we determined the influence of process parameters (pH, biosorbent concentration, initial concentration of Cr(VI)) on the percentage of chromium removal from solution and the sorption capacity of Ps. boryanum. The effect of pH was analyzed at chromium concentration of 10 mg/L, the effect of biosorbent concentration was examined at pH 2.0 and chromium concentration of 10 mg/L. The effect of chromium concentration was tested at biosorbent concentration of 1 g/L and pH 2.0.
The experiment was repeated three times.
Hexavalent Chromium [Cr(VI)] Solutions
The solution with the appropriate concentration of Cr(VI) was prepared by dissolving in deionized water an appropriate amount of a certified chromate standard solution at a concentration of 1000 mg/L (Merck, Darmstadt, Germany), referenced to higher order standards (reference to SRM from NIST). Initial concentrations of Cr(VI) prepared from stock solution varied between 10 and 100 mg/L. The solutions were freshly prepared before the experiment.
Determination of the Cr(VI) Content in the Solutions
The concentration of chromium(VI) in the analyzed solutions was determined by spectrophotometric method using the Spectroquant ® test (1.14758.0001 Cr, Merck, Germany). The analysis was carried out immediately after sampling. In this method, chromium(VI) is reduced using diphenylcarbazide in a solution containing a small amount of hydrogen fluoride. Unhydrated chromium(III) is an intermediate product of this reaction, which forms a red-purple complex with diphenylcarbazone (the oxidation product of diphenylcarbazide). The complex was determined on a UV-Vis spectrophotometer (Pharo 300, Merck, Germany).
Data Evaluation
The percentage of hexavalent chromium removal was calculated as follows [17] :
where:
C 0 -is the initial concentration of chromium in the solution, mg/L. C-is concentration of chromium in the solution after biosorption, mg/L.
The sorption capacity (q) determining the amount of chromium(VI) adsorbed in the dry matter of the biosorbent compared to the current concentration in aqueous solution was calculated as follows [18] :
C 0 -is the initial concentration of chromium in the solution, mg/L. Cis concentration of chromium in the solution after biosorption, mg/L. V-is volume of solution that was in contact with the biosorbent, L.
m-is the dry mass of the biosorbent that has been introduced into the solution, g.
Statistical Analysis
The results obtained were subjected to statistical analysis using a post-hoc: Tukey's honest significant difference (HSD) test of a one-way analysis of variance (ANOVA). In the post-hoc analysis interpretation, all the assumptions of the ANOVA test were considered (equal sample sizes, Levene variance homogeneity test, Shapiro-Wilk normality test). However, if they were not fulfilled, then such results were analyzed using Kruskal-Wallis test. The results are presented in the form of arithmetic mean ± standard deviation. Differences between means at p < 0.05 were considered statistically significant.
Results and Discussion
Effect of Initial Solution pH
pH is a parameter that has a significant impact on biosorption efficiency. The acidity of the solution affects both the chemical activity of the compounds in the solution and the degree of dissociation of functional groups located on the surface of the biosorbent [3] [4] [5] .
In this work we analyzed the effect of pH in the 2.0-6.0 range on biosorption of 10 mg/L Cr(VI) using biomass of Ps. boryanum with increasing concentration: 0.5, 1.0 and 2.0 g/L ( Figure 2 ). For all concentrations of the biosorbent, the highest efficiency of removing the metal from the solution was observed at pH 2.0-3.0. At pH greater than 4.0, the biosorption efficiency dropped significantly. The highest percentage of Cr(VI) removal (for biomass concentration of 2.0 g/L) was observed at pH 2.0 and the lowest one was at pH 6.0. Statistical analysis revealed that for the analyzed biomass concentrations (0.5-2.0 g/L) the efficiency of chromium elimination from the solution at pH 2.0 was statistically higher than that at pH 5.0 (except for biomass concentration of 2.0 g/L) and pH 6.0, but no differences were observed (p > 0.05) in relation to pH 3.0 and 4.0 ( Figure 2 ).
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In this work we analyzed the effect of pH in the 2.0-6.0 range on biosorption of 10 mg/L Cr(VI) using biomass of Ps. boryanum with increasing concentration: 0.5, 1.0 and 2.0 g/L ( Figure 2 ). For all concentrations of the biosorbent, the highest efficiency of removing the metal from the solution was observed at pH 2.0-3.0. At pH greater than 4.0, the biosorption efficiency dropped significantly. The highest percentage of Cr(VI) removal (for biomass concentration of 2.0 g/L) was observed at pH 2.0 and the lowest one was at pH 6.0. Statistical analysis revealed that for the analyzed biomass concentrations (0.5-2.0 g/L) the efficiency of chromium elimination from the solution at pH 2.0 was statistically higher than that at pH 5.0 (except for biomass concentration of 2.0 g/L) and pH 6.0, but no differences were observed (p > 0.05) in relation to pH 3.0 and 4.0 ( Figure 2 ). It was observed that, with the decreasing pH, the percentage of chromium removal increased. Thus, the reduction of pH increased the efficiency of Cr(VI) biosorption using the dead biomass of Ps. boryanum. This phenomenon is accounted for by the increase in both the protonation of the biomass function groups and the degree of dissociation of chromium ions. The functional groups are then positively charged, so they can strongly bind electrostatically with negatively charged chromium ions (HCrO 4− , Cr2O7 2− , Cr4O13 2− ) [18] [19] [20] . When the pH of the solution gradually increases, the functional groups are deprotonated. The resultant surface charge on the microalgae cell wall becomes negative and the biosorption decreases [18] . It was observed that, with the decreasing pH, the percentage of chromium removal increased. Thus, the reduction of pH increased the efficiency of Cr(VI) biosorption using the dead biomass of Ps. boryanum. This phenomenon is accounted for by the increase in both the protonation of the biomass function groups and the degree of dissociation of chromium ions. The functional groups are then positively charged, so they can strongly bind electrostatically with negatively charged chromium ions (HCrO 4− , Cr 2 O 7 2− , Cr 4 O 13 2− ) [18] [19] [20] . When the pH of the solution gradually increases, the functional groups are deprotonated. The resultant surface charge on the microalgae cell wall becomes negative and the biosorption decreases [18] . Our observations regarding the pH influence coincide with the results presented by other authors who studied the sorption properties of other microalgae. Ozer et al. [18] analyzed the biosorption of Cr(VI) by free and immobilized biomass of Ps. boryanum in the pH range 2.0-8.0. The highest degree of Cr(VI) removal, 47-97%, was obtained at pH 2.0 for the immobilized form (3 forms of immobilization of microalgae were used), while for the free form it was 20%. The best results for the chromium(VI) biosorption at pH 2 were also reported for many other microalgae, for example: Sargassum muticum [17] , Chlorella vulgaris, Scenedesmus obliquus, Synechocystis sp. [21] , Sargassum sp. [22] , Spirogyra sp. [23] , Dunaliella sp. [24] or Oedogonium hatei [25] . The initial concentration of chromium(VI) and biosorbent used in the cited work were much higher, which surely affected the sorption capacity. Moreover, Ozer et al. cultivated the biomass of microalgae under different conditions than ours, which could also influence the sorption capacity [6] . An important element distinguishing our work was also the determination of optimal biomass culture conditions for Ps. boryanum that we carried out in our earlier studies, which was also used in this work [14] [15] [16] .
Effect of Algae Concetration
The effect of the Ps. boryanum dry matter concentration on chromium(VI) biosorption was analyzed at a metal concentration of 10 mg/L and pH 2.0. The results are shown in Figure 3 . The percentage of chromium(VI) removal increased from 30% to 70% when the biosorbent concentration was increased from 0.5 g/L to 2.0 g/L. Ozer et al. [18] also investigated the effect of Ps. boryanum dry matter concentration on the biosorption of chromium(VI) ions, but for a higher initial metal concentration (100 mg/L). The biomass concentrations used by them were also much higher than those used in our studies. The authors reported an increase in the percentage of chromium removal from 21% to 51% when the biosorbent concentration was increased from 2 g/L to 10 g/L.
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Our observations regarding the pH influence coincide with the results presented by other authors who studied the sorption properties of other microalgae. Ozer et al. [18] analyzed the biosorption of Cr(VI) by free and immobilized biomass of Ps. boryanum in the pH range 2.0-8.0. The highest degree of Cr(VI) removal, 47-97%, was obtained at pH 2.0 for the immobilized form (3 forms of immobilization of microalgae were used), while for the free form it was 20%. The best results for the chromium(VI) biosorption at pH 2 were also reported for many other microalgae, for example: Sargassum muticum [17] , Chlorella vulgaris, Scenedesmus obliquus, Synechocystis sp. [21] , Sargassum sp. [22] , Spirogyra sp. [23] , Dunaliella sp. [24] or Oedogonium hatei [25] . The initial concentration of chromium(VI) and biosorbent used in the cited work were much higher, which surely affected the sorption capacity. Moreover, Ozer et al. cultivated the biomass of microalgae under different conditions than ours, which could also influence the sorption capacity [6] . An important element distinguishing our work was also the determination of optimal biomass culture conditions for Ps. boryanum that we carried out in our earlier studies, which was also used in this work [14] [15] [16] .
The effect of the Ps. boryanum dry matter concentration on chromium(VI) biosorption was analyzed at a metal concentration of 10 mg/L and pH 2.0. The results are shown in Figure 3 . The percentage of chromium(VI) removal increased from 30% to 70% when the biosorbent concentration was increased from 0.5 g/L to 2.0 g/L. Ozer et al. [18] also investigated the effect of Ps. boryanum dry matter concentration on the biosorption of chromium(VI) ions, but for a higher initial metal concentration (100 mg/L). The biomass concentrations used by them were also much higher than those used in our studies. The authors reported an increase in the percentage of chromium removal from 21% to 51% when the biosorbent concentration was increased from 2 g/L to 10 g/L. Based on the test results obtained it can be concluded that the increasing biomass concentration strongly increases the percentage of metal removal, but the sorption capacity of the microalgae itself decreases (q). The highest value of q was obtained for the lowest biomass concentration in the solution (0.5 g/L). This sorption capacity was twice as large as the sorption capacity obtained for a four times higher concentration of biosorbent (2.0 g/L). Statistical analysis of the percentage of chromium(VI) Based on the test results obtained it can be concluded that the increasing biomass concentration strongly increases the percentage of metal removal, but the sorption capacity of the microalgae itself decreases (q). The highest value of q was obtained for the lowest biomass concentration in the solution (0.5 g/L). This sorption capacity was twice as large as the sorption capacity obtained for a four times higher concentration of biosorbent (2.0 g/L). Statistical analysis of the percentage of chromium(VI) removal and sorbent capacity of microalgae revealed significant differences (p < 0.05) between all tested concentrations of Ps. boryanum (Figure 3) .
The percentage of chromium removal is highly dependent on the initial concentration of both the metal and the biosorbent. The increase in biomass concentration enhances the metal binding, which results from the increased sorption surface ensuring a greater number of binding sites. At the same time the sorption capacity decreased because of a less use of functional groups [17, 25] .
Effect of Initial Cr(VI) Concentration
Another factor affecting the effectiveness of biosorption is the sorbate concentration. The initial metal concentration generates a significant driving force to overcome the resistance occurring between the water and solid phases [17, 24] . Table 1 shows the effect of the initial concentration of chromium(VI) at pH 2 and the microalga dry matter concentration of 1.0 g/L on the efficiency of metal removal and sorption capacity. It was observed that with the increase of the initial metal concentration, the sorption capacity increased, and the percentage of metal removal decreased. Among the initial concentrations analyzed, a statistically significant higher percentage of metal removal was observed for the lowest initial concentration of Cr(VI) of 10 mg/L. At this concentration, a significantly lower sorption capacity of the Ps. boryanum biomass was obtained. There were no statistically significant differences in the metal removal efficiency either between initial Cr(VI) concentration of 30 and 50 mg/L, or 80 and 100 mg/L. We found no significant differences (p > 0.05) in the sorption capacity of microalgae between initial concentration Cr(VI) 50 and 80 mg/L (Table 1) . The amount of bound sorbate per unit weight of the biosorbent increased with the increase of the initial metal concentration. The observed decrease in the percentage of Cr(VI) removal may result from the deteriorating sorption capacity of biomass at increasing metal concentrations, as the "saturation" of active sites increases. Similar results were presented by Bermúdez et al., Gupta et al. and Yu et al. [17, 25, 26] . Yu et al. [26] observed that at low initial metal concentrations, the biosorption does not actually depended on the initial sorbate concentration, because the availability of active sites on the biosorbent surface was sufficient. At higher metal concentrations, the availability of sites on the biosorbent surface decreases and then the effectiveness of biosorption depends on initial metal concentration.
Conclusions
We demonstrated the possibility of effective use of dead biomass of Pseudopediastrum boryanum var. longicorne for the biosorption of chromium(VI) ions in aqueous solutions. The highest percentage of metal removal (70%) was obtained for the initial Cr(VI) concentration of 10 mg/L and the biomass concentration of 2.0 g/L. At this chromium concentration, however, the sorption capacity of microalgae was the lowest (3.5 mg/g).
With the increase in the initial concentration of Cr(VI), the sorption capacity increased and the percentage of chromium removal decreased.
It would be advisable to extend the research on the suitability of algae for removal of heavy metals from the aqueous environment by analytical methods. These methods would allow us to broaden the current state of knowledge on chromium(VI) binding mechanisms by the biomass of microalgae (including Ps. boryanum). We agree with other authors that in order to explain difficult issues related to the biosorption process one should consider the application of new research methods, in particular FTIR (Fourier Transform Infrared Spectroscopy), SEM (Scanning Electron Microscopy) and X-ray based Photoelectron Spectroscopy (XPS). This would give an insight into the process mechanism and the properties of the biosorbent, such as its specific surface, porosity or pore size and distribution [22, 27] .
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